The BaBar, Belle, and LHCb collaborations have reported evidence for new physics in B → Dτ ν and B → D * τ ν of approximately 3.8σ. There is also the long lasting discrepancy of about 3σ in the anomalous magnetic moment of the muon, and the branching ratio for τ → µνν is 1.8σ (2.4σ) above the Standard Model expectation using the HFAG (PDG) values. Furthermore, CMS found hints for a non-zero decay rate of h → µτ . Interestingly, all these observations can be explained by introducing new scalars. In this article we consider these processes within a lepton-specific twoHiggs doublet model (i.e. of type X) with additional non-standard Yukawa couplings. It is found that one can accommodate τ → µνν with modified Higgs-τ couplings. The anomalous magnetic moment of the muon can be explained if the additional neutral CP-even Higgs H is light (below 100 GeV). Also R(D) and R(D * ) can be easily explained by additional t-c-Higgs couplings. Combining these t-c couplings with a light H the decay rate for t → Hc can be in a testable range for the LHC. Effects in h → µτ are also possible, but in this case a simultaneous explanation of the anomalous magnetic moment of the muon is difficult due to the unavoidable τ → µγ decay.
I. INTRODUCTION
In addition to direct searches for new physics (NP) performed at very high energies at the LHC, low-energy precision flavour observables provide a complementary window to physics beyond the Standard Model (SM). Here, the anomalous magnetic moment of the muon (g − 2) µ is a prime example as it is very sensitive to physics beyond the SM entering via quantum corrections. Also, tauonic B meson decays and τ → µνν are excellent probes of NP: they test lepton flavour universality -satisfied in the SM -and are sensitive to new degrees of freedom that couple proportional to the mass of the involved particles (e.g. Higgs bosons [1] ) because of the heavy τ lepton involved. The observation of flavour violating decays of the SM Higgs, most importantly h → µτ , would prove the existence of physics beyond the SM.
Let us briefly review the current experimental and theoretical situation in these processes. The world average of the measurement of a µ ≡ (g − 2) µ /2 is completely dominated by the Brookhaven experiment E821 [2] and is given by [3] 
where almost the whole uncertainty is due to hadronic effects. 1 This amounts to a discrepancy between the SM and experimental value of a exp µ −a SM µ = (236±87)×10 −11 , i.e. a 2.7σ deviation. It is not yet clear if this discrepancy is due to NP or rather underestimated hadronic uncertainties; there are ongoing efforts to reduce the model dependence in the hadronic light-by-light estimate based on dispersion relations [13] [14] [15] or lattice QCD [16] [17] [18] [19] . Possible NP explanations besides supersymmetry (see for example Ref. [20] for a review) include very light Z bosons [21] [22] [23] [24] [25] [26] [27] [28] , leptoquarks [29, 30] , additional fermions [31] but also new scalar contributions in twoHiggs-doublet models (2HDM) [32, 33] , also within the lepton-specific 2HDM [34] [35] [36] .
Concerning tauonic B decays, the BaBar collaboration performed an analysis of the semileptonic B decays 1 The SM prediction includes the QED corrections [4] , an electroweak contribution [5] [6] [7] , leading order, next-to-leading order [8, 9] and next-to-next-to leading order [10] hadronic vacuum polarisation contributions and the model-dependent leading order [11] and next-to leading order [12] hadronic light-by-light contributions.
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B → Dτ ν and B → D * τ ν using the full available data set [37] . Recently, these decays have also been reanalyzed by Belle [38, 39] , and LHCb measured the mode B → D * τ ν [40] . These experiments find for the ratios
where = e or µ, the following values:
Here, the first error is statistical and the second one is systematic. Combining these measurements one finds [41] 
Comparing the experimental values to the SM prediction
we see that there is a discrepancy of 1.8σ for R(D) and 3.3σ for R(D * ); combining them gives a 3.8σ deviation from the SM (compared to 3.4σ taking into account the BaBar results only [49] ). Models solving the R(D) puzzle have been discussed extensively in the literature [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] , including the possibility of charged Higgs particles [51, 53, 54] .
For τ → µνν, the dominant uncertainty in the SM prediction for the branching ratio comes from the τ lifetime τ τ . Using the PDG [3] values for τ lifetime, τ τ = (290.3 ± 0.5) × 10 −15 s, and branching ratios
we can determine the deviations ∆ ≡ B /B SM − 1 [65] from the SM prediction to be
There is a deviation of about 2.4σ in the muon data, whereas the electron channel is compatible with the SM prediction. HFAG finds essentially the same value for the tau lifetime, but a slightly lower BR(τ → µνν) exp = (17.39 ± 0.04)% [66] , alleviating the deviation to approximately 2σ:
Again, charged Higgses [65, 67, 68] but also neutral Z bosons [69] affect this decay.
Moving from lepton non-universality to outright lepton flavour violation, we are drawn to the recent CMS excess of 2.4σ in h → µτ [70] :
Possible explanations naturally require an extended Higgs sector [33, [71] [72] [73] [74] [75] [76] .
As we see from the previous discussion, all discrepancies outlined above can be solved by additional scalar bosons. In the simplest extension of the SM with additional charged Higgses, a 2HDM, one introduces a second Higgs doublet and obtains four additional physical Higgs particles (in the case of a CP conserving Higgs potential): the neutral CP-even Higgs H, a neutral CPodd Higgs A and the two charged Higgses H ± . 2HDMs have been studied for many years with focus on the type-II models [77] [78] [79] . However, there are also other models without flavour-changing neutral currents at treelevel, i.e. type-I, type-X (lepton-specific) and the flipped 2HDM (see Ref. [80] for an review). More general models with flavour-changing neutral Higgs couplings at treelevel are named type-III models. Here the focus has been on minimal flavour violation [81] [82] [83] , alignment [84, 85] or natural flavour conservation [82, 86] but also generic 2HDMs of type III have been studied [54] . In these models type II is recovered in the absence of flavour-changing neutral Higgs couplings.
3 While the type-II model cannot explain R(D) and R(D * ) simultaneously [37] , this can be achieved by supplementing the model with additional non-holomorphic couplings [51] . However, this model (as the normal type-II model) is under pressure from b → sγ data [89] and LHC searches for A → τ τ [90] . Furthermore, no sizable effect in the anomalous magnetic moment of the muon can be generated [54] and also explaining h → µτ is challenging.
Therefore, we choose to consider in this article the 2HDM of type X (lepton-specific). In this model the heavy Higgs couplings to quarks are suppressed compared to the type-II model and the bounds from b → sγ and LHC searches are much weaker, leaving more space for effects in (g−2) µ and tauonic B decays. Furthermore, the sign of the coupling of heavy Higgses to the τ lepton can be reversed, allowing for constructive interference in τ → µνν. Also, large effects in h → µτ compared to the type-II-like model are possible as the Barr-Zee contributions to τ → µγ involving quarks are suppressed.
The article is structured as follows: in the next section we outline our model, i.e. the 2HDM of type X with additional non-standard Yukawa couplings. Sec. 3 discusses the relevant observables and collects the necessary formulae. Sec. 4 contains the numerical analysis. Finally we conclude in Sec. 5.
II. 2HDM-X
We will study a lepton-specific 2HDM (2HDM-X), defined by the Yukawa couplings in the Lagrangian
with additional couplings that break the type-X structure
For arbitrary matrices Y u,d, and ξ
this simply parametrizes the 2HDM with the most general Yukawa interactions (type III). We will however assume the coupling structure to be close to type X, i.e. the ξ matrices to be small perturbations. After electroweak symmetry breaking the following field redefinitions are necessary in order to render the fermion mass matrices diagonal
We define the (non-diagonal) coupling matrices
and express the Yukawa couplings in terms of the physical masses and the couplings . 4 Note that we are not concerned with the issue of neutrino masses in this article, and hence do not introduce e.g. right-handed neutrinos. Therefore, the Higgs interactions with fermions can be written as
4 Note that since we eliminate the Yukawa couplings and not the couplings ξ from the Lagrangian, the 2HDM-X is recovered in the limit → 0.
where the couplings are given by
in the limit of large tan β of interest in this article.
denotes the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix and v 174 GeV the vacuum expectation value. Note that for 33 > m τ /v the sign of the couplings of A, H and H + to taus is reversed. This will be important later as in this way the sign of the contribution to τ → µνν can be flipped. In our notation, h is the SM-like Higgs, H and A are the additional CP-even and CP-odd Higges; due to the mainly leptophilic couplings of H and A, collider bounds on their masses are quite weak and they can be even lighter than the SM-like scalar boson. In particular, sin(β − α) = 1 always corresponds to the SM-like limit, even for m H < m h (this differs from standard 2HDM literature).
In the following, we will assume d = 0 for simplicity, as it is stringently constrained from FCNC processes [54] . In addition, we take u to be of the form
where × denotes a non-zero entry, since again [91] . In the lepton sector we take the same structure as for the u :
In this way we avoid lepton flavour violation involving electrons (i.e. bounds from µ → eγ, µ → eee and µ → e conversion in nuclei), but still allow for effects in ∆a µ , τ → µνν, and even h → µτ . We will not attempt to find a symmetry realisation of the f structures, but take them merely as a convenient
23 . The lighter regions correspond to 2σ experimental uncertainties while the darker regions are correspond to 1σ.
minimal set of parameters to explain existing anomalies. Should the above structures prove successful, one might try to find appropriate flavour symmetries to generate them dynamically.
III. OBSERVABLES
In this section we discuss the relevant processes and summarize the formulae needed for the phenomenological analysis.
A. Tauonic B decays
In a 2HDM of type II the charged Higgs contribution to B → τ ν [92] , R(D) and R(D * ) interferes necessarily destructively with the SM and, in addition, R(D) and R(D * ) cannot be explained simultaneously [37] . However, an enhancement is possible in type-III models, see Ref. [51] . We do not discuss B → τ ν here, which depends on the value of V ub . If the inclusive value is taken for V ub , it agrees well with the SM prediction, but it is above the SM value if the exclusive determination is used. (Note that the differences between the inclusive and exclusive determination cannot be explained by NP [93] .)
The SM and NP contributions relevant for R(D) and R(D * ) are contained in the effective Hamiltonian
Dominant one-loop contributions to τ → νν in the lepton-specific 2HDM (adapted from Ref. [65] ).
with
assuming massless neutrinos. The SM Wilson coefficient is given by
L (given at the B meson scale), which parametrize the effect of NP, affect the two ratios in the following way [43, 94, 95] :
Here, efficiency corrections to R(D) due to the BABAR detector [37] are important in the case of large contributions from the scalar Wilson coefficients C cb ,τ R,L (i.e. if one wants to explain R(D) with destructive interference with the SM contribution). As shown in Ref. [50] , these corrections can be effectively taken into account by multiplying the quadratic term in C cb ,τ R,L of Eq. (30) by an approximate factor of 1.5 (not included in Eq. (30)).
In this model-independent treatment, one can see from 
For our phenomenological analysis we will neglect u 22 and add the experimental (statistical and systematic) errors in quadrature, but include the theoretical uncertainty by adding it linearly on top of this.
B. Tau decays τ → νν
At tree level, only the charged scalar H + contributes to τ → νν in the lepton-specific 2HDM. (Note that the 
contributions in the type-X model are the same as in the type-II model as the lepton sector is identical.) Due to the small electron Yukawa couplings, the contributions to ∆ tree e are highly suppressed compared to ∆ tree e , resulting in lepton flavour non-universality [65, 67, 68] . However, one-loop corrections can be important as well (Fig. 2) , and contribute (to a very good approximation) universally to ∆ [65, 67] by modifying the W τ ν couplings [36] g W τ ν → g W τ ν (1 + δg) .
For m µ m τ and δg 1, we find (notation of Eq. (8))
with the charged-scalar coupling (assumed to be real)
Here we ignored flavour-changing interactions, which would not interfere with the SM and are tightly constrained from flavour-changing neutral current processes. In addition, the H + contribution to τ → µνν leads to a non-zero Michel parameter η = −2z/(4 + z 2 ) [36] , measured to be η = 0.013 ± 0.020 [3] . The constraints (using the full expressions for ∆ including lepton masses [36] ) are shown in Fig. 3 using PDG values. The SM value is recovered for δg = z = 0.
In the SM-like limit sin(β − α) = 1, and ignoring again flavour-violating couplings, we have [36] 
with the loop function
In particular, F (x) ≤ 0 (equality for x = 1), and so δg ≤ 0. In the 2HDM-X, z is positive and δg negative, making it hard to reconcile both ∆ e and ∆ µ unless rather high values of z 0.5 are chosen, which are then in disagreement with the Michel parameter η [36] .
In our model, we can however flip the sign of the τ couplings for 33 
C. Magnetic moment aµ and τ → µγ
The radiative decay τ → µγ is closely related to the anomalous magnetic moment of the muon. Both observables are induced by penguin diagrams with internal neutral or charged Higgs bosons. The results can be encoded in the effective Hamiltonian
where c 
With these conventions, the branching ratio for the radiative lepton decays i → f γ reads
and the contribution to the anomalous magnetic moment of the muon is given by
The one-loop (and dominant two-loop) Wilson coefficients c L,R are given in App. A. It is well known that two-loop Barr-Zee-type diagrams [96] can dominate in some regions of parameter space due to enhancement factors m 2 f /m 2 µ from fermions f in the loop, which can overcome the additional loop suppression α EM /π. For the 2HDM-X, there is an additional tan β enhancement for A, H, and enhanced two-loop contributions come from the τ in the loop (Fig. 4) . However, there are other important diagrams which could give relevant contributions [97] [98] [99] [100] [101] . While all diagrams involving Z or W bosons coupling to the external lepton line are highly suppressed, the diagrams with a closed charged Higgs loop or a W loop connected to the external lepton line by a photon could be numerically relevant (replacing the τ in Fig. 4 by a H + or a W ). Without explicit calculation (the detailed results are given in App. A) one can already deduce the scaling of the relevant diagrams:
Here we included only the A and H contributions, as the coupling of h to leptons is suppressed. The couplings of A to W W and H + H − vanish due to CP conservation. It was pointed out in Ref. [101] that the Higgs selfcoupling λ H + H − H contribution can be very important. For this result, Ref. [101] allowed λ H + H − H to vary between −5 and 5. However, λ H + H − H is not a fundamental parameter. It depends on the Higgs self-coupling in the scalar potential, but their contribution is suppressed by 1/ tan β and therefore negligible (see Eq. (A8)). The diagram involving a W loop can be important for moderate values of tan β [97] , but vanishes in the SM-like limit sin(β − α) = 1. We will see later, sin(β − α) = 1 is required for explaining h → µτ . Nonetheless, working at large tan β, as preferred by τ decays, we checked that also the contribution of the W diagram is numerically small and does not change our conclusion for (g − 2) µ .
D. Flavour changing top decays t → Hc
Since we allow for a non-zero 
with the top decay width Γ t = (2 ± 0.5) GeV. 
E. Leptonic Higgs decays
The decay h → τ τ has been observed by CMS [102] and ATLAS [103] with µ-parameters (relative strength compared to the SM prediction) 0.78±0.27 and 1.43
+0.43
−0.37 , respectively. A naive combination (also averaging the ATLAS result to 1.43 ± 0.40) gives
In our model, the decay rate for h → τ τ relative to the SM prediction takes the form
in the large tan β limit, assuming a SM-like production rate (in the SM-like limit sin(β − α) → 1 we get back µ τ τ → 1). The entry 32 allows for the flavour-violating decay h → µτ if cos(α − β) = 0:
where Γ h 4.1 MeV is the decay width in the SM for the 125 GeV Brout-Englert-Higgs boson.
F. Other Higgs decays
With a light H, new decay modes open up, such as h → HH, A → ZH, and H + → W + H [104] , followed by H → τ τ in the large tan β limit. (In complete analogy to the case where A is light, see e.g. [105] .) The decay rates are given by
in the SM-like limit sin(β − α) 1 and for m H m W . (h → HH depends on additional parameters and will not be discussed here.) If tan β is not too large, these channels can contribute significantly to the total decay rates of H + and A (see Fig. 5 ), which weakens the direct search bounds on these particles (these bounds often assume 100% decays into tau leptons for the 2HDM-X).
G. Z boson decays
In the large tan β limit one expects a sizable modification of Z → τ τ at the loop level. Following Ref. [36] we define the ratio of decays
with the experimental value R exp τ /e = 1.0019 ± 0.0032 [3] . The deviation from the SM due to 2HDM vertex corrections is given by 
in the SM-like limit sin(β − α) = 1. The loop functions F j can be found in Ref. [36] . For the region of interest the limits from Z decays are of similar order as those from τ → νν.
For 32 = 0, one also induces Z → µτ via a similar one-loop diagram [106] . For the mass ranges of interest in this work the branching ratio is approximately BR(Z → µτ ) 5 × 10 
The best upper limit of 1.2 × 10 −5 at 95% C.L. [3] still comes from LEP, but LHC searches should be able to improve this by a factor of few with current data [107] and even more with the upcoming run.
IV. PHENOMENOLOGICAL ANALYSIS
Using the formulae collected in the last section, we now study the phenomenology of our 2HDM and show that it can indeed resolve the anomalies outlined in the introduction. 
C. Anomalous magnetic moment of the muon
In the anomalous magnetic moment of the muon, the one-loop and the two-loop Barr-Zee contribution have opposite sign for 33 = 0 (neglecting flavour violating couplings). However, for 33 > m τ /v the interference is constructive, allowing for an explanation with smaller values of tan β and/or heavier Higgses. Note that for 33 > m τ /v the H contribution has the same sign as the SM contribution while the A one has opposite sign, so in our scenario it is a light H that can solve the ∆a µ anomaly, as opposed to a light A in the standard 2HDM-X. We show explicitly in the left plot of Fig. 8 that m H must be smaller than m A for 33 > m τ /v. As seen above, 
D. h → µτ and τ → µγ
Until now, we worked in the large tan β limit with α = 0. However, the decay h → µτ can only appear for non-zero values of cos(α − β). In this case additional Barr-Zee diagrams with gauge bosons or top quarks can contribute to τ → µγ (see App. A). Therefore, the analysis is more involved than the one for the anomalous magnetic moment of the muon. However, as we have shown in the case of (g − 2) µ (where the contributions are directly related to τ → µγ), cos(α − β) = 0 has actually only a small effect on the result.
To explain the CMS excess in h → µτ (Eq. (10)), one needs a coupling strength of approximately sin α tan β| 32 | 3.7 × 10 −3 .
Non-zero values of 32 then give rise to τ → µγ. The experimental upper limit for τ → µγ is given by [108, 109] 
at 90% C.L.. It is interesting to see if one can explain h → µτ and (g − 2) µ simultaneously without violating bounds from τ → µγ. As the loop contributions to τ → µγ are governed by the same Wilson coefficients as (g − 2) µ (see Sec. III B), this turns out to be challenging. In the right plot of Fig. 8 we show the allowed regions in the m A -m H plane for τ → µγ, h → µτ and (g − 2) µ . As one can see, there is no overlap among all regions. There is an m τ /m µ enhanced contribution to (g − 2) µ in the case 23 = 0 and 32 = 0. Even though we restricted ourselves in Eq. (27) to vanishing values of 23 = 0, we checked that also for 32 = 23 the effect in (g − 2) µ is small, taking into account the upper limit on 32 = 23 from τ → µγ while aiming at an explanation of h → µτ . In principle, one might increase the coupling strength Γ 
originating from the dominant Barr-Zee diagram with a τ loop which causes the incompatibility of a µ and τ → µγ (Fig. 4) . However, a large shift in Γ H,A,H + µµ from 22 m µ /v would mean fine tuning and also strongly affect τ → µνν. Therefore, we conclude that explaining a µ and h → µτ simultaneously is not impossible, but rather difficult and would involve fine tuning.
E. t → Hc
For light values of m H , as preferred by the anomalous magnetic moment of the muon, and non-zero values of u 32 as required by an explanation of R(D ( * ) ), the flavour changing top decay t → Hc can have sizable branching ratios. In fact, as shown in Fig. 9 the branching ratio can be easily of the order of 10 −2 .
V. CONCLUSIONS
In this article we addressed the measured anomalies in R(D ( * ) ) (3.8σ), a µ (∼ 3σ), τ → µνν (2.4σ), and h → µτ (2.4σ) within a simple two-Higgs-doublet model. The Yukawa structure of our model is close to the lepton-specific 2HDM (type X), but with some additional Yukawa couplings involving third-generation fermions that give rise to the b-c (necessary for R(D ( * ) )) and µ-τ transitions (relevant for h → µτ ) as well as corrections to τ τ couplings (important for τ → µνν).
Let us summarize the logic of the article.
• τ → µνν prefers 33 ≥ m τ /v. If one wants to account for the PDG average, also tan β > 50 is desirable.
• a µ favours small values of m H for 33 ≥ m τ /v as in this case the Barr-Zee contribution with a τ loop has the correct sign and the diagram involving a Higgs self-coupling can be relevant.
• R(D) and R(D * ) point towards quite large negative values of . This decay could be observed at the LHC in the process pp →tt, t → Hc, H → τ τ .
• h → µτ can be explained using 32 . In this case α = 0 and constraints from τ → µγ arise. As the BarrZee contributions in τ → µγ are directly correlated to the ones in a µ , a simultaneous explanation is difficult.
• If one attempts to explain h → µτ (disregarding a µ ), the exotic process pp →tt, t → Hc, H → µτ can occur at the LHC.
Therefore, the future prospects are very promising: the decay h → µτ implies rates for τ → µγ in reach of future experiments. More data on tau leptons is necessary to test our model, in particular τ → νν, τ → µγ, and h → τ τ . Furthermore, the light H and the flavourchanging couplings required for R(D ( * ) ) lead to the decay t → Hc, followed by H → τ τ (or even H → µτ ), which can be searched for at the LHC. While we did not attempt to find a symmetry realisation of the pattern assumed for the f ij structures, it would be very interesting to find appropriate flavour symmetries to generate them dynamically, as the model works very well phenomenologically. An additional venue of interest would be the inclusion of dark matter in order to explain the galactic centre gamma-ray excess [110] . It is well known that two-loop Barr-Zee-type diagrams [96] (see Fig. 10 ) can dominate in some regions of parameter space due to enhancement factors m 2 f /m 2 µ from fermions f in the loop, which can overcome the additional loop suppression α EM /π. For the 2HDM-X, there is an additional tan β enhancement for A, H, and enhanced 2-loop contributions come from the τ in the loop. However, there are in addition other important diagrams [97] [98] [99] [100] [101] that could give relevant contributions to be summarized and converted to our conventions in the following.
Diagram (a)
The most relevant Barr-Zee diagram contains an additional charged fermion f in the loop (Fig. 10a) . 
where N 
